We compare the luminosity functions for red galaxies lying on the restframe (U −V ) color-magnitude sequence in a homogeneous sample of ten X-ray luminous clusters from the MACS survey at z ∼ 0.5 to a similarly selected X-ray cluster sample at z ∼ 0.1. We exploit deep Hubble Space Telescope ACS imaging in the F555W and F814W passbands of the central 1.2-Mpc diameter regions of the distant clusters to measure precise colors for the galaxies in these regions and statistically correct for contamination by field galaxies using observations of blank fields. We apply an identical analysis to ground-based photometry of the z ∼ 0.1 sample. This comparison demonstrates that the number of faint, M V ∼ −19, red galaxies relative to the bright population seen in the central regions of massive clusters has roughly doubled over the 4 Gyrs between z ∼ 0.5 and z ∼ 0.1. We quantify this difference by measuring the dwarf to giant ratio on the red sequence which increases by a factor of at least 2.2 ± 0.4 since z ∼ 0.5. This is consistent with the idea that many faint, blue star-forming galaxies in high density environments are transforming onto the red sequence in the last half of the Hubble time.
INTRODUCTION
Recent studies have precisely quantified the variation in the photometrically classified galaxy population as a function of environment at low redshifts (Hogg et al. 2004 ). These studies separate galaxies into red, passive or blue, star-forming systems and find that the proportion of the latter decreases in higher density regions in the local Universe (Baldry et al. 2006) . The identification of the physical process responsible for this trend is still contentious, in part because it is likely that a number of processes contribute in different environments, at different epochs and acting on galaxies of different luminosities/masses. The presence of a range of potential evolutionary pathways linking star forming and passive galaxies may be reflected in the diversity of star formation histories derived for passive early type galaxies. While the formation of luminous early type galaxies in clusters has been interpreted in terms of a narrow range in star formation histories (Bower et al. 1992; Aragon-Salamanca et al. 1993; van Dokkum et al. 1998; Stanford et al. 1998) , there is evidence of much more variety in lower luminosity systems (see Ferguson & Binggeli 1994 , for a review). Several lines of evidence illustrate this, for example Poggianti et al. (2001) find a broad range in ages but a slight decrease in age for fainter dwarf galaxies in the Coma cluster. Smail et al. (2001) reached a similar conclusion for the luminosity weighted ages of low luminosity early type galaxies in the z = 0.18 cluster A 2218. An even wider variety is found in much lower luminosity sys-tems, Grebel (1999) finds that star formation timescales and ages vary significantly for the local group dwarf ellipticals. Indeed, this same effect may underlie the varying morphological mix seen in the passive galaxy populations in clusters, where there is a claim of a deficit of early type disk galaxies (predominantly S0) in distant clusters (Dressler et al. 1997) . Thus it appears that passive galaxies may be formed via a number of different processes and that the mixed nature of the population may be most easily discerned at the lowest luminosities.
These different pathways may also result in a changing passive galaxy population in clusters at different redshifts. The most fundamental measure of the transformational processes forming passive galaxies in high density regions is to look at the build up of the luminosity function of this population. De Lucia et al. (2004) therefore investigated this scenario by measuring the colormagnitude relation in four optically selected z ∼ 0.75 clusters and comparing these to the nearby Coma cluster. They find that the high redshift clusters exhibit a deficiency in low luminosity red galaxies compared to Coma. Similarly, Kodama et al. (2004) found a deficit of red sequence galaxies when looking at z ∼ 1 high density regions in the Subaru/XMM-Newton Deep Survey. This leads them to conclude that many faint red galaxies in clusters have only moved onto the red sequence since z ∼ 0.75 (see also De Lucia et al. 2007 ). This result is controversial as Andreon (2006) claims there is no evidence for this red sequence build up when comparing the luminosity function of a cluster at z = 0.831 to those of local clusters.
In this paper we aim to test these results by comparing the evolution in the luminosity function of galaxies on the red sequence in two well-defined samples of Xray selected clusters at z ∼ 0.5 and z ∼ 0.1. We employ Hubble Space Telescope (HST) optical imaging of ten z ∼ 0.5 X-ray luminous clusters and compare these to a similar sample at z ∼ 0.1 to examine evolution in the faint end of the red sequence luminosity function. We adopt a ΛCDM cosmology (Ω M = 0.3, Ω V ac = 0.7, H 0 = 70 km s −1 Mpc −1 ) in which the lookback times to z = 0.13 and 0.54 are 1.6 and 5.3 Gyrs and the angular scales are such that 1 ′′ corresponds to 2.3 and 6.4 kpc respectively. An AB magnitude system is used throughout this paper.
OBSERVATIONS AND REDUCTION
Our analysis employs restframe optical imaging of two cluster samples at z ∼ 0.1 and z ∼ 0.5. The z ∼ 0.5 sample are selected from the MAssive Cluster Survey (MACS, Ebeling et al. 2001) . MACS is a survey of distant X-ray luminous, (L X > 10 44 erg s −1 ) and therefore massive, galaxy clusters selected from the ROSAT AllSky Survey. The ten clusters in this sample, along with a further two for which archival HST observations exist, are the twelve most distant clusters, z ∼ 0.5-0.7, from MACS and all have X-ray luminosities of L(0.1-2.4 KeV) > 15 × 10 44 erg s −1 (Table 1) . These ten clusters were imaged with the Advanced Camera for Surveys (ACS) Wide Field Channel (WFC) on HST during Cycle 12 (GO#9722). Each cluster was imaged for two orbits (4.5 ks) through both the F555W (V 555 ) and F814W (I 814 ) filters. These data were retrieved from the STScI archive and reduced using standard STScI software (multidrizzle v2.7) to provide final images with 0.05 ′′ sampling and good cosmetic properties. We extracted the photometry from the ACS images using SExtractor (Bertin & Arnouts 1996) run in dualimage mode so that photometric information from the V 555 -band was extracted for all sources detected on the I 814 -band image and ensuring that we have precise aperture photometry for even crowded sources. Throughout this paper we use 1.4-′′ apertures (9 kpc diameter) to calculate the (V 555 − I 814 ) color and the 'Best' magnitude is used for the total I 814 -band magnitude (these correspond closely to restframe (U − V ) colors and V absolute magnitudes).
The low-redshift, z ∼ 0.1, comparison sample for our analysis comes from the Las Campanas/AAT Rich Cluster Survey (LARCS, Pimbblet et al. 2001 Pimbblet et al. , 2006 . This survey obtained panoramic, ground-based B-and R-band imaging of ten X-ray luminous (L X > 5 × 10 44 erg s −1 ) clusters at z = 0.08-0.15 selected from the ROSAT All-Sky Survey (Table 1 ). The observations and their reduction and analysis are described in detail in Pimbblet et al. (2001) . Here we use 4-′′ (B − R) colors (corresponding to restframe (U − V ) colors in 9 kpc apertures) and total magnitudes derived from these restframe ∼ V -band selected galaxy catalogues in our analysis. These data are thus well-matched to the observations of the distant sample: the absolute V -band surface brightness limits are µ V = −15.4 and −15.8 mag. arcsec −2 for LARCS and MACS respectively, with spatial resolution of 2.8 and 1.0 kpc. In our analysis we only consider the inner parts of each cluster, within a radius of 600 kpc of the cluster center as identified from the X-ray emission (usually corresponding to the position of the brightest cluster galaxy) as this provides uniform coverage across both the LARCS and MACS datasets.
Both the MACS and LARCS cluster samples were selected from the same X-ray survey and the luminosities for the clusters are sufficiently bright that they should correspond to some of the most extreme environments at their respective epochs. The median Xray luminosities of the high-and low-redshift samples are 17.0 and 7.3 × 10 44 ergs s −1 respectively, corresponding to a difference of less than a factor of two in the typical total mass (Reiprich & Boehringer 2002) . However, an important issue to address is that the mass of the z ∼ 0.5 progenitors of the LARCS clusters would be even lower than the MACS clusters. Using the results of Tormen (1998) we see that the progenitors of the LARCS clusters at z ∼ 0.5 would be ∼ 3.5× less massive than the MACS sample (with corresponding X-ray luminosities of ∼ 2 × 10 44 ergs s −1 , Reiprich & Boehringer (2002) ). There is no evidence for strong variations in the galaxy luminosity function between clusters spanning such a relatively modest difference in typical mass (de Propris et al. 1999 ). In addition, Wake et al. (2005) see no variation in the blue galaxy fraction in clusters covering a similar range in mass. Combining these two results, we therefore expect that any differences between the galaxy populations in these two samples will primarily reflect evolutionary differences between z ∼ 0.5 and z ∼ 0.1.
Finally, to better define the evolutionary trends we are searching for, we also include similar observations of seven additional clusters in our analysis of the dwarfgiant ratio in §3.3. We include a low redshift point from U -and V -band observations of the Coma cluster from a dataset of known members (Godwin et al. 1983) . This is well matched to our main MACS and LARCS samples. Next, we include four additional clusters which are at redshifts intermediate between the LARCS and MACS samples and a further two clusters at redshift beyond the MACS sample (see Table 1 ). These clusters all have deep archival observations with HST in the F555W/F606W and F814W filters (from GO projects 9033, 9290, 9722, 10325, 10491, 10872 and 10875) and we obtain the data from the HST archive. We note that the HST ACS observations of the four intermediate clusters do not reach the 600-kpc radius adopted for our analysis and so we have corrected the dwarf-giant ratio using the average observed radial trend in this ratio for the composite MACS sample. The dwarf-giant ratio is observed to increase in value from the cluster center outwards and flatten at larger radii. For the most extreme case, cluster Abell 1703 at z = 0.258, this correction gives an enhancement of 15% in dwarf-giant ratio. In addition we caution that the K-corrections for the additional HST clusters are not as well-matched to restframe (U − V ) as those for the LARCS or MACS samples and so there may be systematic uncertainties related to these data points.
ANALYSIS AND DISCUSSION
We show in Fig. 1 the color-magnitude diagrams for the individual MACS z ∼ 0.5 clusters (similar plots for the individual LARCS clusters are given in Pimbblet et al. 2002) . These display strong linear features in the distributions of the brighter and redder galaxies in the fields. These are the color-magnitude relations for the passive, early-type cluster members (Sandage & Visvanathan 1978; Bower et al. 1992) . For the brighter galaxies in the clusters this sequence is thought to represent variations in the metallicity and to a lesser extent age of the stellar populations in the galaxies (Kodama & Arimoto 1997; Terlevich et al. 2001 ).
As our MACS and LARCS cluster samples are ho-mogeneously selected and observed and cover a small range in redshift (σz/z ∼ 0.15), we are able to combine them to reduce the influence of variations in field contamination and to improve the statistics of our analysis. We show in the two lower panels of Fig. 1 the combined color-magnitude relations for the MACS and LARCS samples. The combined color-magnitude plots were created by correcting the data to the median redshifts of the MACS and LARCS samples, z = 0.54 and z = 0.13 respectively, using the K-corrections from a Bruzual & Charlot (2003) solar metallicity, simple stellar population, z f = 5 model and the appropriate distance modulae. We also define limits to the color-magnitude relation in these combined samples to allow us to quantitatively compare them. We define the limits on the basis of an error weighted two-parameter fit to the slope of the combined MACS red sequence with a stripe width of 0.75 mags to include the observed scatter. The corresponding boundaries for the LARCS red sequence are then determined by K-correcting and color converting the limits from the MACS sample using Bruzual & Charlot (2003) and the formulae given in Skiff (2003) and Natali et al. (1994) . A correction for the observed change in red sequence slope between the two epochs is also included by using the gradient found from error weighted fitting to the combined LARCS red sequence. We plot on Fig. 1 the corresponding color boundaries for the two samples. It is these red sequences that are used below to estimate the combined red sequence luminosity functions and the relevant field correction.
3.1. Field Correction The removal of field galaxies from our samples is crucial to provide a clean measurement of the cluster luminosity function. For the MACS HST sample we used blank fields from The Great Observatories Origins Deep Survey North (GOODS, Giavalisco et al. 2004 ). These provide estimates of the correction for field contamination in each bin in our color-selected luminosity functions. The variation in this correction between independent 16 arcmin 2 subregions of the 112 arcmin 2 blank field is included in the luminosity function errors. The correction for field contamination for the ground-based observations of the LARCS sample is calculated in a similar way. Here, however, we make use of the fact that the panoramic, 2-degree diameter, imaging of these clusters extends into the field population surrounding the clusters and so we can use the outskirts of the images to determine the field contamination. These estimates have been shown to be robust by Pimbblet et al. (2002) . Again we determine the reliability of our field corrections by dividing the total 4600 arcmin 2 field region into 290 arcmin 2 subregions and determining the scatter in these independent areas. These field subregions are on scales comparable to the regions of the MACS and LARCS clusters we analyse. The typical 1-sigma errors for the field correction are in the region of 10 percent for MACS and 20 percent for LARCS. We propagate these uncertainties through our entire analysis.
An additional source of contamination comes from higher redshift galaxies that have been gravitationally lensed by our clusters. This would effectively alter the field contamination in our sample, either increasing or decreasing it depending upon the slope of the number counts (Taylor et al. 1998) . To estimate the scale of this effect we compare the number counts of galaxies on the color-magnitude plane which are just redward of the cluster's color-magnitude sequence (and hence should be at higher redshifts) to similar regions of the colormagnitude plane for the blank fields. This provides an estimate of the potential enhancement in the surface density of red galaxies in the cluster centres due to lensing of ∼0.1 percent. Although only a very small effect, we include this factor in the field correction.
Luminosity Function
The field-corrected luminosity functions for the two composite cluster samples are shown in Fig. 2 . Luminosity functions are traditionally fitted with a single Schechter function (Schechter 1976) . Recent papers on clusters, however, have instead fitted a Gaussian to the bright end of the luminosity function and a Schechter function to the faint end as these give a better fit to observations (Thompson & Gregory 1993; Dahlen et al. 2004) . We compare the single Schechter to the Gaussian+Schechter parameterisation of the luminosity function for galaxies on the red sequences in the LARCS and MACS samples. To avoid incompleteness we only consider the luminosity function down to the K-corrected 5-σ limit of the highest redshift cluster in the shallower LARCS data (R = 20.92 from A 3888 corresponding to M V = −17.75). Table 4 contains the best-fit Schechter and Gaussian parameters converted to absolute V -band magnitudes using the method described above and the reduced χ 2 for these fits. The errors quoted here are estimated using a bootstrap method.
When fitting combined Gaussian+Schechter functions we fix the mean magnitude and width of the Gaussian components (Table 4) , within their errors, so as to constrain the evolution of the bright-end Gaussian between z ∼ 0.5 and z ∼ 0.1. We do this as the luminosity evolution of galaxies in the bright end of the LF is well-constrained from fundamental plane studies ) and so we can focus on changes in the faint-end. The passive evolution of the luminosity between the two epochs is fixed as 0.3 magnitudes from van Dokkum & Franx (2001) .
We find that both a Gaussian+Schechter or a Schechter function give acceptable fits to our two samples. Both parametric forms also demonstrate the same difference between the two samples: an increase in the number of faint red galaxies compared to the brighter red population at lower redshifts. For the Schechter fits this is shown by the steeper faint end slope (α) in the LARCS clusters than MACS clusters, −1.11±0.06 versus −0.91 ± 0.02 respectively, a difference of approximately 3.2σ. We find no evidence for variations of the form of the luminosity function looking at either the bluest or reddest halves of the color-magnitude sequence or between different clusters when ranked by richness.
For the Gaussian+Schechter fits, the change in the luminosity function is shown in part by the relative normalisation of the faint Schechter and bright Gaussian components, φ * /Amp, which decreases from 1.94 ± 0.58 in LARCS to 1.26±0.67 for the MACS sample. However, the covariance between the parameters in the two components functional fits makes such a comparison complex to interpret and so we turn to another, shape-independent, parameterisation of the relative numbers of faint and luminous galaxies: the dwarf-giant ratio.
Dwarf-Giant Ratio
The results from §3.2 are difficult to interpret in part because the form of the luminosity function is complex and its evolution is uncertain. A far simpler approach to quantify the relative evolution of the numbers of bright and faint galaxies is to use the ratio of the number of dwarfs to giants along the red sequence: the Dwarf-Giant Ratio (DGR) which provides a single number to parameterize the distribution of galaxy luminosities within a population. The variation of this quantity (or its inverse GDR) with distance from cluster center, density and cluster richness have been studied by a number of workers (Driver et al. 1998; Dahlen et al. 2004; Goto et al. 2005) . Therefore to provide a shape-independent comparison of the red galaxy populations in the MACS and LARCS clusters we have measured the DGR.
The boundary between giants and dwarfs is arbitrary and is usually defined as the magnitude where the faint-end Schechter function begins to dominate over the bright-end Gaussian (Goto et al. 2005) . Looking at the distributions in Fig.2 , we therefore choose an absolute magnitude of M V ∼ −19.9 at z = 0.13 as our dividing point. This absolute magnitude brightens to M V ∼ −20.2 at z = 0.54 as we take into account the passive evolution models of van Dokkum & Franx (2001) (we have confirmed that our results are not sensitive to applying this factor). To ensure that our measurements of the DGR in the different samples are not effected by incompleteness we adopt the same faint-end limit as for fitting the luminosity functions (M V ∼ −17.75) and as in §3.2 we only consider galaxies within a 600 kpc radius of the center of each cluster. The limits chosen for our DGR analysis are comparable to those of De Lucia et al. (2004) . Fig. 2 shows the variation of the DGR on the red sequence (RDGR) with redshift. The RDGR increases with cosmic time and we attribute this to an increasing number of dwarfs on the red sequence. We determine weighted mean RDGRs for the MACS sample of 1.33 ± 0.06 and 2.93 ± 0.45 for LARCS, a difference of 3.7σ. This corresponds to an increase in RDGR of a factor of 2.2 ± 0.4 from z = 0.54 to z = 0.13, or a lookback interval of 4 Gyrs. An alternative way to look at this evolution is the variation in the proportion of integrated red light at the faint-end of the color-magnitude relation, which increases by a factor of 1.46 ± 0.14 from z = 0.54 to z = 0.13. This means that the stellar mass in the passive dwarf population (M V −20) now almost equals that in luminous cluster galaxies, whereas at z ∼ 0.5 the giants dominated the total V -band luminosity from galaxies on the color-magnitude relation. The errors shown are a combination of the Poisson uncertainty and the field correction error.
We note that the LARCS RDGR errors are larger than those for MACS mainly due to the fact that at z ∼ 0.1 the field galaxies and the faint end of the red sequence occupy the same region of (B − R)-R color-magnitude space increasing the field correction error at the faint end (see Fig. 1 ). In contrast the faint red sequence in the MACS sample at z ∼ 0.5 is much easier to distinguish from the field using V and I bands.
To parameterise the evolution in the RDGR we fit a (1 + z) −β power-law to the LARCS and MACS samples in Fig. 2 . We see that this provides a good description of the evolution for β = 2.5 ± 0.5, with all of the clusters consistent with the fit. This confirms that the luminosity function of the red sequence in the central regions of massive clusters appears uniform with no clear evidence from our study of real cluster-to-cluster variations although the errors on individual clusters are large. We also find that the six additional clusters and Coma (RDGR= 2.8 ± 1) follow the same trend defined by the MACS and LARCS samples. De Lucia et al. (2004) , who use a similar definition of DGR, found a value of 1.23 for clusters at z = 0.75 and a value of 2.9 for Coma which are in good agreement with the trend we observe. The trend is also in qualitative agreement with the work of Kodama et al. (2004) .
CONCLUSIONS
Our analysis of the red galaxy populations in X-ray luminous clusters shows clear differences in the form of the luminosity function over the redshift range z = 0.1-0.5. These changes reflect an increase in the proportion of dwarf to giant galaxies in the population since z ∼ 0.5 which we attribute to an increase in the number of dwarfs on the red sequence. We quantify this evolution using the shape independent estimate of the relative evolution of the faint end of the luminosity function, the red sequence Dwarf-Giant ratio (RDGR), which shows an increase by a factor of 2.2 ± 0.4 between z = 0.54 and z = 0.13. This is equivalent to an increase of 1.46 ± 0.14 in the relative V -band luminosity (or stellar mass) in faint red galaxies with M V −20 compared to brighter systems over this period. This increase means that in local clusters, the luminosity contributed by giant and dwarf galaxies is comparable, whereas at z = 0.5 the giants were the dominant population on the color-magnitude relation.
Our results show that there is significant evolution since z ∼ 0.5 in the faint passive galaxy population in a well-defined sample of X-ray luminous clusters. This agrees with the early results from De Lucia et al. (2004) and Kodama et al. (2004) on red galaxies in a more diverse range of structures. However, this is in disagreement with the work of Andreon (2006) who sees no such evolution. This disagreement may be simply due to Andreon's use of a single cluster, as our analysis shows a large cluster to cluster scatter but with large errors (due to an uncertain field correction). We conclude that a large proportion of the passive galaxy population at the faint end of the color-magnitude sequence in local clusters either did not reside in similar, high-density environments 5-Gyrs ago (at z ∼ 0.5) or if they were present in these regions then they had significantly bluer colors (suggesting they were actively star forming) and so do not fall within the color-magnitude relation.
Clusters in the mass range studied in this work are expected to have roughly doubled their masses since z ∼ 0.5 (Tormen 1998) and hence many of the faint red galaxies (or at least their progenitors) may have arrived in the core regions of the cluster between z ∼ 0.5 and z ∼ 0.1. However, we believe that the major driver of the evolution we see is the transformation of blue, star-forming galaxies into passive, red systems which lie on the colormagnitude relation. If correct, this suggests that there will be an increasing diversity in the star formation histories of passive galaxies at M V −20 in intermediate redshift clusters (at z ∼ 0.3-0.4), and studies of agesensitive indicators at these depths may uncover evidence for recent star-formation activity within these galaxies (e.g. Smail et al. 2001) .
We end by noting that studies such as this one can be extended to a wider range of environments and redshifts out to z ∼ 1 using the data from the UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007) in concert with the XMM Newton Large Scale Structure Survey (XMM-LSS). Such studies will allow the evolution of the passive population on the color-magnitude relation and its build-up to be tracked as a function of environment and epoch and will demonstrate the importance of including environmental effects when modelling the color-magnitude relation in galaxy evolution models. 1) N red is the number of galaxies on the red sequence down to M V = −17.75 within a 600 kpc radius of cluster centre except: ⋆ within a 400 kpc radius, † within a 300 kpc, due to the size of the ACS image. The limited radius of MACS 1354 is due to size of ACS image and flaring on the image from a bright star. The LARCS redshifts are from Pimbblet et al. (2006) . MACS redshifts come from Ebeling et al. (2007) . The dotted line denotes the 5-σ limit of R = 20.92 and all clusters have been K-corrected to z = 0.13. Again the solid lines show the limits used to select the red sequence in the combined clusters, these are transformed from the equivalent boundaries for the MACS sample as described in the text. Color-magnitude plots for individual clusters in the LARCS survey can be found in Pimbblet et al. (2002) . The luminosity functions in the restframe V -band for the red sequence galaxies in the combined MACS and LARCS samples (normalized to the bright-end of the LARCS sample). We plot the background-corrected data and our best-fit Gaussian+Schechter function fits. The errors are a combination of the Poisson uncertainty and the field correction error. Note the excess of faint red galaxies in the lower redshift LARCS sample, compared to the more distant MACS sample. right panel: The variation in the red sequence Dwarf-Giant Ratio (RDGR) with redshift for clusters in our two samples within 600 kpc of the cluster centre and brighter than M V = −17.75. We also plot the weighted mean values for each of the MACS and LARCS sample. A fit of the form (1 + z) −β to the MACS and LARCS points is plotted and yields β = 2.5 ± 0.5. For comparison we show the equivalent measures for six additional high redshift clusters and Coma (RDGR= 2.8 ± 1), which follow the same trend.
